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Summary
In response to activity deprivation, CNS neurons un-
dergo slow adaptive modification of unitary synaptic
transmission. The changes are comparable in degree
to those induced by brief intense stimulation, but
their molecular basis is largely unknown. Our data in-
dicate that prolonged AMPAR blockade acts through
loss of Ca2+ entry through L-type Ca2+ channels to
bring about an increase in both vesicle pool size and
turnover rate, as well as a postsynaptic enhancement
of the contribution of GluR1 homomers, concentrated
at the largest synapses. The changes were consistent
with a morphological scaling of overall synapse size,
but also featured a dramatic shift toward synaptic
drive contributed by the Ca2+-permeable homomeric
GluR1 receptors. These results extend beyond “syn-
aptic homeostasis” to involve more profound changes
that can be better described as “metaplasticity.”
Introduction
Changes in synaptic properties are thought to be im-
portant for learning and memory. A great deal is known
about synaptic modifications arising from various forms
of acute stimulation (e.g., LTP and LTD), paradigms rel-
evant to mechanisms employed by sensory inputs
(Malenka and Bear, 2004; Nicoll, 2003; Malinow and
Malenka, 2002; Kullmann and Siegelbaum, 1995; Bliss
and Collingridge, 1993). In contrast, little is known
about the molecular and functional changes that result
from prolonged inactivity of synapses, as may arise
with sensory impairment, stroke, and other forms of
neural damage. AMPAR antagonism is of particular in-
terest because it is a known effect of several anesthet-
ics (Taverna et al., 1994, Harris et al., 1995) and anticon-
vulsants (Perucca, 1997, De Sarro et al., 2005) and has
been proposed for treatment of Parkinson’s disease
(Johnston and Brotchie, 2004), ALS, and several other
neurological disorders (Parsons et al., 1998). Under-
standing the mechanisms underlying the response to
prolonged inactivity has been confounded by the diver-
sity of previously reported changes. In cultured cortical
neurons, chronic manipulations that diminished activity
resulted in a uniform enlargement of the population of
AMPAR-mediated mEPSCs (Turrigiano et al., 1998). A
similar effect in cultured spinal neurons was related to
an increased abundance of GluR1 subunits due to the
slowing of their breakdown (O’Brien et al., 1998b). In*Correspondence: rwtsien@stanford.educerebellar stellate cells, GluR subunit composition
changed in response to activity manipulations (Liu and
Cull-Candy, 2002; Liu and Cull-Candy, 2000). In cultured
hippocampal neurons, chronic activity blockade pro-
duced an increase in mini amplitude, elevation of mini
frequency, speeding of mini decay (Thiagarajan et al.,
2002), acceleration of vesicular turnover (Bacci et al.,
2001), and enlargement of presynaptic terminals and
their vesicle pools (Murthy et al., 2001). In hippocampal
slices, inactivity was linked to various changes in the
number of synapses (Kirov and Harris, 1999; McKinney
et al., 1999). To enable a clear interpretation in a single
system, we examined cultured hippocampal neurons
for pre- and postsynaptic mechanisms of synaptic
change in response to AMPAR blockade. Our experi-
ments revealed intriguing aspects of the induction and
expression of synaptic modifications and their possible
link to Ca2+ signaling. An important qualitative con-
clusion was that adaptations in these neurons extend
beyond homeostasis and carry implications for “meta-
plasticity,” i.e., a change in the rules governing plas-
ticity.
Results
AMPA Receptor Blockade Leads to PhTX-Sensitive
Changes in mEPSC Properties
AMPAR blockade leads to multiple changes in minia-
ture AMPA EPSC (mEPSC) properties in hippocampal
cultures, including increased mini frequency and ampli-
tude and faster decay time (Thiagarajan et al., 2002).
Each effect was reversed within 48 hr of removal of
blockade (see Figure S1 in the Supplemental Data
available with this article online). We hypothesized that
the faster decay arose from a relative increase in GluR1,
a rapidly deactivating AMPAR subunit. Accordingly, we
tested philanthotoxin-433 (PhTX), which strongly blocks
Ca2+-permeable GluR1 AMPAR complexes (Washburn
and Dingledine, 1996), but not the normally predomi-
nant Ca2+-impermeable complexes containing Q/R-
edited GluR2 (Paschen and Djuricic, 1995). mEPSCs
were recorded from 17 DIV hippocampal neurons in the
presence of TTX and bicuculline, after 20 to 30 hr pre-
treatment with 10 M NBQX (N = 4, n = 9 [N indicates
the number of cultures and n, the number of cells]), or
with blocker-free growth medium as control (N = 4, n =
8) (Figure 1). Cells were exposed to 10 M PhTX after
3 min of recording. Mini frequency was expressed rela-
tive to the mean frequency in control cells of sister cul-
tures before perfusion of PhTX (0.9 ± 0.2 Hz [mean ±
SEM]) (Figure 1B).
The increase in mEPSC frequency seen after chronic
NBQX treatment was substantially decreased upon
acute perfusion of PhTX (Figures 1A and 1B), a gradual
effect as expected for the known use-dependence of
toxin action. The average frequency of all NBQX-pre-
treated cells was 2.5 ± 0.3 times that of control cells
prior to treatment with PhTX (p < 0.005) and decreased
significantly after PhTX (p < 0.005) to 1.2 ± 0.3 times
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726Figure 1. PhTX Reverts mEPSC Properties to Control Levels in
NBQX-Pretreated Cells
(A) Representative traces of mEPSC recordings from control cells
(left) and cells pretreated with NBQX for 20–30 hr (right), before
(top) and after (bottom) 4 min exposure to philanthotoxin (PhTX).
(B) Time course of the acute effect of PhTX on mEPSC frequency
in control and NBQX-pretreated cells (shown normalized to basal
control values before addition of PhTX) shows decreased fre-
quency in NBQX-pretreated cells but no effect on controls. (C)
Comparison of average mEPSC records from NBQX-pretreated and
control cells (left) and the same NBQX-pretreated cells before and
after 4 min exposure to PhTX (right) shows similarity between be-
havior of control cells and NBQX-pretreated cells after PhTX. (D)
Mean mEPSC decay time (peak to 10%) showed no change after
exposure to PhTX in controls (left bars) but increased to control
levels in NBQX-pretreated cells (right bars). (E) Mean amplitude
(absolute value) showed no change after exposure to PhTX in con-
trols (left bars) but decreased to control levels in NBQX-pretreated
cells (right bars). (F) Mean amplitude versus mean decay for each
control cell and each NBQX-pretreated cell before and after PhTX.
NBQX-pretreated cells displayed a negative correlation (R2 = 0.85)
(i.e., cells with faster mean decay had larger mean amplitudes), a
relationship that was abolished by PhTX, indicating a dependence
of the amplitude effect on fast-deactivating GluR1. Arrows point to
cells at the median of the group. (G) Mean frequency versus mean
decay for culture-matched cells (n = 8 control, 12 NBQX, 5 NBQX +
PhTX). NBQX-pretreated cells showed a steep relationship be-
tween frequency and decay (R2 = 0.65), which was absent in con-
trol cells and abolished by the application of PhTX, indicating that
the increased frequency was related to an increased contribution
of GluR1. Error bars indicate ±SEM; * indicates p< 0.05 and ** indi-
cates p < 0.005, Student’s t test.
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uontrol. In contrast, PhTX had no significant effect on
he mini frequency of control cells (0.8 ± 0.2 × pretoxin
evel, p > 0.4), in keeping with the reported dominance
f GluR2 after 12 DIV (Pickard et al., 2000; see also
umar et al., 2002). The PhTX-sensitive increase in mini
requency could not be explained by enhanced detec-
ion of larger minis. Analysis of four control cells with
xceptionally low noise (detection threshold of 2–4 pA
ather than the typical 7 pA) indicated that improved
etection would only account for a 1.18-fold increase
n mini frequency, far less than the 2.5-fold increase ac-
ually observed.
Unitary properties of mEPSCs were also examined to
ee if they likewise were altered upon blockade of
luR1 receptors with PhTX. Figure 1C compares the
rand averages of minis recorded over 1 min epochs
ust before application of PhTX and 4 min after initiation
f the PhTX superfusion. The effects of chronic NBQX
retreatment were diametrically opposed by those of
cute exposure to PhTX. In NBQX-pretreated cells, the
eak-to-10% decay time averaged 4.1 ± 0.2 ms before
hTX, but increased to 6.1 ± 0.4 ms after PhTX (p <
.005) (Figure 1D, right bars). In contrast, in control cells
hTX had no significant effect on the mean decay time
left bars, 5.1 ± 0.5 ms before PhTX and 5.6 ± 0.5 ms
fter PhTX, p > 0.1). Relative to these control values,
he decay time with NBQX pretreatment was signifi-
antly faster (p < 0.05), but after acute PhTX treatment
n the same recordings, decay time was no different
rom control (p > 0.2). This result was consistent with
emoval of the contribution of rapidly deactivating
luR1 receptors from the averaged mEPSC.
Mini amplitude showed a similar toxin-induced de-
rease to control levels (Figure 1E, right bars). mEPSC
mplitude in NBQX-pretreated cells was 25.9 ± 0.6 pA
efore PhTX (p < 0.05 compared to control). After 4 min
f PhTX, the amplitude decreased significantly, to 21.4 ±
.9 pA (p < 0.05), and was no longer different from con-
rol (p > 0.2). Application of PhTX to control cells (left
ars) left amplitude unchanged (19.1 ± 1.2 pA and
0.1 ± 0.9 pA before and after PhTX, p > 0.2). This sug-
ested that the increased mini amplitude may also
e traced to a greater contribution of PhTX-sensitive
luR1 complexes.
The decay time provides an approximate index of the
revalence of the faster deactivating GluR1 relative to
luR2. Accordingly, we looked across individual neu-
ons for some form of correlation between their decay
ime and their mean values of mEPSC amplitude (Figure
F) or mEPSC frequency (Figure 1G). Figure 1F shows
consistent inverse relationship between mEPSC de-
ay time (abscissa) and amplitude (ordinate) that held
mong control cells, NBQX-pretreated cells, and NBQX-
retreated cells after PhTX. The data for NBQX-pre-
reated cells could be fit by a linear function (r2 = 0.85).
hronic blockade of AMPARs caused a shift along this
ine toward faster decay and higher amplitude, whereas
hTX application to NBQX-pretreated cells caused the
pposite displacement. This orderly relationship is con-
istent with a mechanism primarily involving the inser-
ion or blockade of GluR1. In the case of frequency (Fig-
re 1G), there was no obvious relationship with decay
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727time for the control cells. However, a clear inverse rela-
tionship (r2 = 0.65) was observed in NBQX-pretreated
cells and was lost after application of PhTX. Once
again, the simplest interpretation is that the increased
frequency arose in close association with an increased
dominance of GluR1.
AMPAR Blockade Leads to an NMDAR-Independent
Increase in GluR1
We looked next for alterations in the levels of GluR1
and GluR2, the dominant subunits of AMPARs at
central synapses (Geiger et al., 1995; Lambolez et al.,
1996) (Figure 2). Western blot analysis of GluR1 and
GluR2 protein levels was performed on hippocampal
neurons (17 DIV) subjected to a 24 hr blockade of AMPA
receptors with NBQX or blocker-free growth media as
a control (Figures 2A and 2B). In NBQX-treated cells,
GluR1 protein levels increased 1.74 ± 0.22-fold relative
to those in controls (N = 7, p < 0.005) (Figure 2A), while
GluR2 levels were not significantly different (1.09 ±
0.06-fold, N = 4, p > 0.2) (Figure 2B).
Although AMPARs were basally Ca2+ impermeable,
they could support synaptic depolarizations that in-
crease Ca2+ influx through NMDA receptors and L-type
Ca2+ channels. Unlike NBQX, blockade of NMDARs
with D-AP5 (50 M) over 24 hr was not effective in alter-
ing either GluR1 or GluR2 (Figures 2A and 2B). GluR1
levels were 1.14 ± 0.09-fold relative to controls while
GluR2 levels were 1.08 ± 0.11-fold relative to controls
(N = 4 and p > 0.2, in both cases). In a similar lack of
effect (Figures 2C–2E), mEPSCs in AP5-treated neurons
(n = 10) had a mean decay time of 4.4 ± 0.4 ms, a mean
amplitude of 21.6 ± 2.0 pA, and a mean frequency of
0.9 ± 0.2 Hz, no different from control values (n = 9) for
mini decay (4.9 ± 0.4 ms, p > 0.4), amplitude (22.3 ± 2.7
pA, p > 0.7), and frequency (0.99 ± 0.2 Hz, p > 0.7).
Consistent with the lack of effect of NMDAR blockade
on mini properties, the acute application of PhTX afterFigure 2. Prolonged AMPAR Blockade Leads
to NMDAR-Independent Increase in GluR1
Expression
(A) Representative Western blot of GluR1 in
control, AP5-, and NBQX-treated cultures.
Quantitative analysis of Western blot signal
intensities (normalized to controls) shows
that GluR1 levels were unchanged by AP5,
but increased with NBQX (bottom). (B) Rep-
resentative Western blot and corresponding
quantitation of GluR2 levels following treat-
ments similar to those in (A) shows no
change with either AP5 or NBQX. (C–E) Cu-
mulative distributions comparing the effects
of NBQX and AP5 on mEPSC frequency
(shown as 1/[interevent interval]) (C), decay
time (peak to 10%) (D), and absolute ampli-
tude (E). In contrast to the clear effects of
NBQX (shown in gray) relative to controls,
AP5 had no effects on any of the mEPSC
properties. Error bars indicate ±SEM; ** indi-
cates p < 0.005, Student’s t test.prolonged AP5 exposure also produced no effect (n = 7
cells, data not shown). Values before and after PhTX were
as follows: decay time, 3.9 ± 0.2 ms and 4.19 ± 0.2 ms
(p > 0.4); amplitude, 25.6 ± 3.0 pA and 27.0 ± 2.8 pA (p >
0.4); and frequency, 1.3 ± 0.6 Hz and 1.1 ± 0.6 Hz (p >
0.4). Thus, we found no role for NMDARs in adaptation
to prolonged inactivity.
L-type Ca2+ Channel Blockade Mimics Effects
of AMPAR Blockade
We next examined the effect of blocking L-type Ca2+
channels. GluR1 levels in untreated control neurons
(N = 5) were compared to those in neurons treated for
24 hr with the L-type channel blocker nifedipine (10
M), NBQX (10 M), or both nifedipine and NBQX. In
the same cultures, increases in GluR1 levels over con-
trol were very similar with NBQX alone (1.72 ± 0.27-fold,
p < 0.005), with nifedipine alone (1.64 ± 0.11-fold, p <
0.05), and with nifedipine + NBQX (1.66 ± 0.26-fold, p <
0.05) (Figure 3A). None of these increases were statis-
tically distinguishable (p > 0.2). The mutual occlusion
between the effects of blocking AMPARs and L-type
channels suggested that these interventions shared a
final common pathway affecting GluR1. In contrast, the
same treatments did not significantly alter the amount
of GluR2 (Figure 3B). GluR2 levels were 1.08 ± 0.11
times control for NBQX alone, in agreement with results
shown in Figure 2; the ratios were 1.07 ± 0.06 with
nifedipine and 0.98 ± 0.06 with nifedipine + NBQX (p >
0.2 for all pairwise comparisons).
We next measured mEPSCs in neurons treated for
20–30 hr with nifedipine (10 M) (N = 3, n = 11) and in
untreated control neurons from the same cultures (N =
3, n = 13) (Figures 3C–3E). mEPSC rates were 3.9 ±
1.1 Hz for nifedipine-treated cells and 1.6 ± 0.5 Hz for
controls (p < 0.05) (Figure 3C), a 2.47-fold increase in
mEPSC frequency not significantly different from the
2.5-fold increase induced by NBQX (p > 0.4). Similarly,
Neuron
728Figure 3. Block of L-type Ca2+ Channels
Mimics and Occludes the Effects of NBQX
on GluR1 Expression and mEPSCs
(A) Representative Western blot and quanti-
tation, showing changes in GluR1 levels after
treatment with NBQX, nifedipine, and both
agents together. Nifedipine elevated GluR1
levels relative to controls similarly to NBQX,
while nifedipine + NBQX had no additional
effect when compared to either nifedipine
or NBQX alone. (B) Similar comparison of
GluR2 levels, showing no change relative to
control under any of the three conditions.
(C–E) Cumulative distributions of the effects
of nifedipine pretreatment on mEPSC fre-
quency (shown as 1/[interevent interval]) (C),
decay time (peak to 10%) (D), and absolute
amplitude (E). Data shows an increase in
mEPSC rates in nifedipine-pretreated cells
relative to control, as well as a speeding of
decay and an increase in amplitude, mimick-
ing the effects of NBQX pretreatment. Error
bars indicate ±SEM; * indicates p < 0.05 and
** indicates p < 0.005, Student’s t test.in a comparison of unitary synaptic properties (Figures
3D and 3E), nifedipine-treated cells displayed signifi-
cantly faster peak-to-10% decay time (4.6 ± 0.3 ms)
relative to controls (5.7 ± 0.2 ms) (p < 0.005) and an
increased amplitude (24.2 ± 3.8 pA) relative to controls
(16.7 ± 1.0 pA) (p < 0.05).
Finally, we tested the effects of the GluR1 antagonist
PhTX on mEPSCs recorded from nifedipine-treated
cells (N = 3, n = 9) (Figure 4). Treatment with PhTX for
4 min caused a substantial decrease in frequency (Fig-
ures 4A and 4C), from 2.3 ± 0.6 Hz to 1.1 ± 0.3 Hz
(p < 0.05). After toxin exposure, the mEPSC rate was
no different than that found in culture-matched control
cells (1.0 ± 0.2 Hz, p > 0.2; shown as dotted line in
Figure 4C). In a similar comparison, mini decay times
increased from 4.6 ± 0.2 ms to 5.7 ± 0.4 ms after PhTX
(p < 0.02) (Figures 4B and 4D), which was no different
from the decay time of 5.8 ± 0.4 ms in culture-matched
controls (p > 0.2). mEPSC amplitude before PhTX
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sFigure 4. L-type Channel Blockade Mimics
NBQX-Induced, PhTX-Sensitive Changes in
mEPSCs
(A) Traces of representative mEPSC record-
ings from control (top) and nifedipine-pre-
treated cells before (middle) and after 4 min
of exposure to PhTX (bottom).
(B) Comparison of average mEPSC records
from nifedipine-pretreated cells before and
after PhTX. As in the case of NBQX, the
average record of nifedipine-pretreated cells
after PhTX was no different from controls.
(C–E) Effects of 4 min of exposure to PhTX
on nifedipine-pretreated cells. Increased
mEPSC frequency (C), speeding of decay
(D), and increased amplitude (E) were signifi-
cantly altered by PhTX to levels similar to
those in controls (shown as dotted line). Er-
ror bars indicate ±SEM.
ynapsin 1-positive sites in NBQX-treated cells, sur-23.6 ± 2.7 pA) was decreased to 18.0 ± 1.0 pA, which
as once again no different from that in controls
17.6 ± 1.2 pA, p > 0.2) (Figures 4B and 4E).
luR1 Homomers Are Added Predominantly
t Preexisting Synapses
ur experiments thus far suggest a pivotal role for
luR1. The most straightforward hypothesis is that a
arge increase in homomeric GluR1 receptors took
lace at new synapses, accounting for the PhTX-sensi-
ive increase in frequency, and also at preexisting syn-
pses, explaining the changes in amplitude (Figure 5A).
To test this hypothesis, we looked at the pattern of
luR1 incorporation at synaptic sites, using an anti-
ody directed against an extracellular epitope of the
luR1 subunit (Figures 5B–5E). Neurons were immuno-
abeled for surface GluR1 (red) and synapsin 1 (blue),
marker that identified synaptic sites (Figure 5B). At
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729Figure 5. GluR1 Is Incorporated at Existing
Synapses, but Not at New Synapses
(A) Cartoon depicting the hypothesis tested
in (B)–(F), that NBQX pretreatment leads to
an addition of new GluR1-dominated syn-
apses. (B) Representative images showing
GluR1 surface expression (red) and synapsin
(blue) in control cells and NBQX-treated
cells. Lower image (Merged) shows an ex-
ample of selection of synaptic regions by
synapsin 1. (C) Cumulative distribution of
GluR1 intensity at synapsin 1-positive sites
shows that GluR1 was increased following
NBQX treatment. (D) Synapse density in
NBQX treated cells remained unchanged rel-
ative to control. (E) The fraction of synapsin-
positive puncta that were colocalized with
surface GluR1 was unchanged in NBQX-
treated cells relative to control. (F1) Repre-
sentative eGFP-transfected cell, with con-
centric circles used to assess dendritic
branching at increasing distances from the
soma. (F2) Dendritic branches (number of in-
tersections at each concentric interval) in
control and NBQX-treated cells were no dif-
ferent at any distance. Error bars indicate
±SEM.face-GluR1 labeling showed a 1.39 ± 0.15-fold increase
in intensity relative to controls (N = 3, n = 300–1000
synapses per experiment, p < 0.05) (Figure 5C).
To examine the density of synapses, synapsin-posi-
tive puncta were counted along 5000 m of randomly
selected dendritic regions in both preparations (n >
2000 synapses, three cultures) (Figures 5D and 5E).
Contrary to the simplest hypothesis, synapse density
in NBQX-treated cells (0.41 ± 0.02 synapses/m) was
no greater than that in controls from the same cultures
(0.46 ± 0.02 synapses/m) (p > 0.1). In addition, there
was no difference in the fraction of synapses immuno-
positive for surface GluR1 (NBQX: 0.44 ± 0.03; Control:
0.37 ± 0.04, p > 0.3). Thus, there was no evidence for an
increased density of GluR1-containing synapses, ruling
out substantial incorporation of GluR1 at previously
(postsynaptically) silent synapses.
Finally, to look for possible changes in dendritic
branching, we performed a Scholl analysis on the den-
dritic trees of 15 DIV EGFP-transfected cells (Figure
5F). Dendritic intersections were counted at 20 m in-
tervals. Again, we did not find any significant difference
between NBQX-treated cells and controls (n = 12 per
condition, N = 3) at any individual distance or in the
total number of intersections up to 200 m (NBQX,
222 ± 29 intersections; control, 228 ± 28 intersections;
p > 0.1).While these data weigh strongly against a new pop-
ulation of GluR1 homomeric synapses, we could not
exclude the emergence of new synapses in close prox-
imity to preexisting synapses, beyond the limits of opti-
cal resolution, for example, by synapse splitting (Figure
6A). The possibility of new GluR1 synapses was there-
fore tested by detailed examination of the population
behavior of mEPSCs recorded from individual cells
(Figures 6B–6D). We represented each mini as an indi-
vidual data point in a scatter plot of mini amplitude (y
axis) versus mini decay time (x axis) (Figures 6B1 and
6C1). Figure 6B1 compares mini data collected from
control and NBQX-pretreated cells whose properties
were at the medians of their respective groups (marked
in Figure 1F). In both control and NBQX-pretreated neu-
rons, amplitude and decay time were positively corre-
lated because of variations in peak glutamate concen-
tration in the synaptic cleft (Liu et al., 1999; McAllister
and Stevens, 2000); the higher the peak [glu]cleft, the
larger the mEPSC and the slower its decay (Glavinovic´
and Rabie, 1998). Even with this joint variability, the me-
dian control and the median NBQX-pretreated cells
clearly differed (Figure 6B1). The difference was even
more obvious in a histogram of amplitude divided by
decay time (Figures 6B2 and 6C2). The amplitude/
decay time quotient provided a simple index of the pre-
ponderance of GluR1-dominated receptors, circum-
Neuron
730Figure 6. Analysis of Unitary Events Illuminates
Synaptic Incorporation of PhTX-Responsive
Receptors after NBQX Pretreatment
(A) Cartoon depicting the hypothesis tested
in (B)–(D), that there is an increase in GluR1-
containing synapses, arising, for example,
by synapse splitting, that cannot be de-
tected at the resolution of light microscopy.
(B1) The amplitude versus decay plot of indi-
vidual minis recorded over a 1 min epoch in
a representative NBQX-pretreated cell com-
pared to a representative control cell. Mean
values are indicated by the large white
square (control) and triangle (NBQX). Rela-
tive to the control cell, the NBQX-pretreated
cell showed an upward and leftward shift of
the mini population toward bigger and faster
minis.
(B2) Representation of the events shown in
B1 as a distribution of amplitude/decay val-
ues. NBQX pretreatment resulted in a right-
shifted, single-peaked (not bimodal) distribu-
tion, indicating a modification of preexisting
synapses. Increased area of distribution re-
flects the increased frequency of events due
to NBQX pretreatment. Inset, average traces
of minis in the control and NBQX-pretreated
cells shown.
(C1) Representation similar to that in (B1),
showing the effect of PhTX on the mini pop-
ulation in the same NBQX-pretreated cell.
Fewer mEPSCs remained after PhTX and
showed a wholesale shift, downward and
rightward, toward smaller and slower behav-
ior, similar to the distribution in the control
cell.
(C2) Amplitude/decay distribution of data
shown in C1. The distribution of the NBQX-
pretreated cell was decreased in size and
shifted back to smaller values after exposure
to PhTX, resembling the control population
(see [B2]). Inset, average traces of minis be-
fore and after PhTX.
(D) Average amplitude/decay distribution for
all cells in the experiment, shown in a nor-
malized cumulative histogram. NBQX treat-
ment caused a rightward shift of the distribu-
tion relative to controls that was completely
reversed by PhTX. In contrast, PhTX had no
significant effect on controls.venting ambiguity in the scatter plot due to coincident
data points. For the representative NBQX-pretreated
cell, the amplitude/decay time distribution was a single
broad peak, not two separate peaks. This ran counter
to what would be predicted if GluR1 had been added
largely or exclusively to newly formed or previously si-
lent synapses. Had this been the case, the post-NBQX
histogram would have been bimodal, with a control
peak of smaller, slower preexisting minis along with a
new peak of faster and larger mEPSCs. Thus, the elec-
trophysiological data supported the idea that GluR1
must have been incorporated largely or exclusively at
preexisting synapses.
We asked next whether GluR1 homomeric receptors
were added simply by substitution of GluR2-containing
receptor complexes. If preexisting heteromeric com-
plexes were replaced entirely in a one-to-one fashion,
PhTX would eliminate all the new minis. In actuality,
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ohTX restored mini parameters roughly to their control
evels (Figure 1). To determine the extent of substitution,
he amplitude/decay time distributions were averaged
cross all cells in each group and shown as cumulative
istograms (Figure 6D). Each distribution is plotted with
he same maximal amplitude to emphasize differences
n the size and shape of unitary events. Whereas PhTX
roduced no significant change in control cells (p >
.2), it significantly reduced the amplitude/decay ratio
n NBQX-pretreated cells (p < 0.0001), resulting in an
ndershoot ofw12% relative to control cells (p < 0.05).
hus, a small but significant degree of direct swapping
f GluR2-containing receptors by GluR1-dominant re-
eptors may have occurred, although much of the
luR1 incorporation was supplementary to the preex-
sting receptors.
On its own, the pattern of postsynaptic incorporation
f GluR1 did not account for the PhTX-sensitive in-
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731crease in mini frequency, suggesting the additional in-
volvement of presynaptic changes following inactivity.
Studies at the Drosophila neuromuscular junction pro-
vide ample precedent for presynaptic modifications in
response to postsynaptic manipulations (DiAntonio et
al., 1999; Davis et al., 1998; Haghighi et al., 2003).
Multiple Presynaptic Modifications Underlying
Synaptic Adaptation to Inactivity
To assess presynaptic participation in the NBQX-
induced elevation of mini frequency, we monitored vesi-
cle recycling by measuring uptake of an antibody di-
rected toward a luminal epitope of the synaptic vesicle
protein synaptotagmin (Matteoli et al., 1992) (Figure 7).
Internalization of the Ab reflects the degree of exo/
endocytotic activity (Malgaroli et al., 1995; Matteoli et
al., 1992).
The Syt-Ab uptake conditions matched those used
for electrophysiology, thereby providing an immuno-
cytochemical index of presynaptic activity for compari-
son with the mini recordings. Synapsin staining was
used to delimit synapses. The average intensity of up-
take of Syt-Ab (Sytlive) was 1.62 ± 0.23-fold greater in
NBQX-pretreated cells than in culture-matched con-
trols (n > 500, N = 4, p < 0.001, Kolmogorov-Smirnov
[K-S] test) (Figures 7A and 7B). To confirm that this in-
crease reflected an exo/endocytotic activity-dependent
effect, beyond any changes in the number of presynap-
tic vesicles, we assessed synaptotagmin levels in cells
that had been fixed and permeabilized (Syt ) (FigureFigure 7. Multiple Presynaptic Modifications
Underlying Increased mEPSC Frequency
(A) Immunostaining of activity-dependent
uptake of synaptotagmin (green) and synap-
sin (blue) in control and NBQX-pretreated
cultures. Lower panel is a merged image
showing examples of the selection of synap-
tic regions of interest used for measure-
ments.
(B) Cumulative distribution of intensity of ac-
tivity-dependent uptake of synaptotagmin-
Ab (Sytlive) at individual puncta shows an in-
crease in NBQX-pretreated cells.
(C) Cumulative distribution of synaptotag-
min intensity at individual puncta in fixed,
permeabilized cells (Sytfixed) shows a small,
but significant, increase in NBQX-pretreated
cells.
(D) Cumulative distribution of synapsin inten-
sity at individual puncta in the same syn-
apses measured in (B) shows an increase in
NBQX-pretreated cells.
(E) Cumulative distribution of Sytlive stain-
ing normalized by total synapsin intensity
(Sytlive/synapsin) in the same synapses mea-
sured in (B) and (D) shows an increase fol-
lowing NBQX treatment.
(F) Syt/synapsin in NBQX-pretreated cells
shown as percentage of control. Sytlive/
synapsin is higher than Sytfixed/synapsin, in-
dicating an increased vesicle release prob-
ability. Error bars indicate ±SEM; ** indicates
p < 0.005, K-S test.fixed7C). Under fixed conditions, the increase in synaptotag-
min was only 1.10 ± 0.08-fold (N = 3, n = 300, p < 0.05,
K-S test), significantly less than the activity-dependent
effect (p < 0.001, K-S test).
To discriminate further between enhancement of ves-
icle turnover and morphological changes, we moni-
tored synapsin 1, a presynaptic protein that is as-
sociated in roughly uniform proportion with synaptic
vesicles (Huttner et al., 1983) and thus serves as an
indicator of vesicle pool size. Synapsin dispersion away
from synapses during action potential firing (Chi et al.,
2001) was not a concern because the Syt-Ab uptake
took place in the presence of TTX (see Experimental
Procedures). NBQX-pretreated cells displayed a 1.30 ±
0.20-fold increase in synapsin intensity relative to con-
trol (Figure 7D, p < 0.001, K-S test), confirming previous
reports of augmented vesicle pools in response to ac-
tivity deprivation (Murthy et al., 2001). As an index of
vesicle turnover, we calculated Sytlive/synapsin for indi-
vidual synapses (Figure 7E). This ratio changed from
1.16 ± 0.04 in control to 1.63 ± 0.02 in NBQX-treated
cells (p < 0.001, K-S test), an average increase of 1.40 ±
0.22-fold. This increase in Sytlive/synapsin was signifi-
cantly higher than that in Sytfixed/synapsin (p < 0.001,
K-S test) (Figure 7F), indicating that the increase in
mEPSC frequency following NBQX treatment could be
explained by an increase in presynaptic activity. Fur-
thermore, this change was largely due to accelerated
vesicular turnover and only partly attributable to en-
largement of the presynaptic vesicle pool.
Neuron
732Coordination between Presynaptic and Postsynaptic
Properties and Nonuniformity
of Synaptic Modifications
Any correlation between presynaptic vesicle turnover
and postsynaptic GluR1 following prolonged NBQX
treatment (depicted schematically in Figure 8B) would
heighten their collective impact on synaptic drive. We
therefore performed triple labeling experiments (N = 4,
n R 500 synapses, each condition) to monitor both ef-
fects at individual synapses. Living cultures were al-
lowed to take up the Syt-Ab, then fixed and stained
for extracellular GluR1, and finally permeabilized and
stained for synapsin (Figure 8A). Quantification of the
staining intensities at regions of interest, defined by
synapsin puncta, allowed us to construct plots of Sytlive
versus GluR1 (Figures 8C1 and 8C2; data from repre-
sentative experiments for control and NBQX-pretreated
synapses, n = 119 randomly selected puncta in each
case). NBQX-pretreatment gave rise to substantial in-
creases in both Sytlive and GluR1 relative to control. To
determine whether GluR1 was preferentially added to
synapses with the least presynaptic activity (presynap-
tically silent or near silent), we examined the NBQX-
induced increase in GluR1 in synapses with the lowest
levels of Sytlive. The degree of increase in GluR1 follow-
ing NBQX treatment in this group was similar to that in
the general population (data not shown).
We next sized and color-coded synapses as S, M, L,
and XL according to the intensity of synapsin staining.
The size cutoffs for groups, which divided the control
synapses into equal quartiles, were also applied to the
NBQX-pretreated synapses. After prolonged blockade
of AMPARs, XL synapses became significantly more
abundant and more intensely stained for GluR1 and
Sytlive uptake relative to control. The changes were
more prominent for the XL synapses than for the other
categories, indicating that alterations of each measure
(size, Pr per vesicle, and postsynaptic GluR1) tend to
go hand in hand. In pooled data (Figures 8D–8F), cumu-
lative totals of Sytlive and GluR1 intensity were compiled
for each group of synapses (Figures 8D and 8E). Over-
all, the cumulative scores of Sytlive and GluR1 immuno-
staining at XL synapses increased 2.8-fold and 2.0-fold,
respectively (p < 0.001). These increases were due in
part to an increased abundance of XL synapses (37%
of total synapses for NBQX compared to 25% for con-
trols, Figure 8F), but were also partly attributable to an
increase in live Syt-Ab uptake and GluR1 immuno-
staining per synapse. These data predicted a more fre-
quent occurrence of large minis at large synapses with-
out a concomitant disappearance of small minis at
relatively small synapses, weighing against a strictly
uniform presynaptic or postsynaptic scaling across all
synapses.
Further examination of this hypothesis was carried
out by analysis of the coefficient of variation (CVh SD/
mean) (Figure 8G). If glutamate receptors and Pr were
both uniformly modified at all synapses, the shape of
the mini amplitude distribution would stay the same
and the CV would remain unchanged. In contrast,
pooled data showed that the CV of the mini amplitude
grew from 0.45 ± 0.01 to 0.62 ± 0.05 after NBQX treat-
ment (p < 0.02).
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his study describes novel aspects of the induction
nd expression of synaptic adaptation to glutamate re-
eptor blockade in hippocampal neurons. We found
hat chronic blockade of AMPARs acts through loss of
a2+ entry through L-type Ca2+ channels to bring about
potent combination of presynaptic and postsynaptic
lterations: a presynaptic increase in vesicle pool size
nd turnover rate per vesicle, coupled with postsynap-
ic enhancement of the contribution of GluR1, concen-
rated at the largest synapses. The changes were con-
istent with a morphological scaling of overall synapse
ize (Murthy et al., 2001) but also featured a fundamen-
al change in the signaling properties of neurotransmis-
ion—a shift toward synaptic drive contributed by
a2+-permeable glutamate receptors identified by their
ensitivity to philanthotoxin.
odulation of L-type Ca2+ Entry as a Critical Early
tep in Signaling
t has been unclear to date whether blockade of synap-
ic input acts by reducing Ca2+ entry via NMDA recep-
ors, by deactivating voltage-gated Ca2+ channels, or
y lessening membrane depolarization per se (Leslie et
l., 2001). Our experiments in hippocampal cultures
uled out basal Ca2+-dependent signaling via AMPARs
y virtue of their insensitivity to PhTX under control
onditions (Figure 1). Similarly, NMDARs as a source of
ignaling were ruled out by the ineffectiveness of pro-
onged exposure to AP5 (Figure 2). In contrast, pro-
onged blockade of L-type channels with nifedipine re-
roduced all effects of NBQX pretreatment on mEPSC
roperties, including their susceptibility to reversion by
hTX (Figures 3 and 4). In addition, nifedipine caused
iochemical changes in the profile of GluR levels that
ere identical to the effects of NBQX, in a mutually oc-
lusive manner, as expected for events in series. Given
hat L-type channels are largely excluded from axons
n mature hippocampal cultures (Obermair et al., 2004;
ravettoni et al., 2000), the effects of nifedipine, like
hose of NBQX, were likely initiated postsynaptically
but see Wang et al., 2005). AMPAR-mediated depolar-
zations promote the opening of L-type channels (Ra-
adhyaksha et al., 1999), not vice-versa, suggesting this
equence of events leading up to downstream sig-
aling.
In conventional excitation-transcription coupling, in-
reased Ca2+ entry via L-type channels leads to eleva-
ion of gene expression (Deisseroth et al., 1995; West
t al., 2001), but here, to the contrary, reduction of
-type Ca2+ entry was the key signaling event. Evi-
ently, ongoing Ca2+ influx through L-type channels ex-
rts a tonic inhibitory effect, and its removal allows
luR1 levels to increase. Precedent exists for an inhibi-
ory Ca2+-responsive element (Kingsbury et al., 2003).
nother possibility is coupling of L-type Ca2+ channels
o dendritic protein translation. Block of postsynaptic
ctivity can increase dendritic protein synthesis (Sutton
t al., 2004) and augment GluR1 translation in tran-
ected dendrites (Ju et al., 2004). Internalization and
egradation of receptor protein may also change (Ehl-
rs, 2000; O’Brien et al., 1998a).
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733Figure 8. Correlation between Presynaptic and Postsynaptic Properties Leads to Nonuniformity of Synaptic Modifications
(A) Example of triple staining for synapsin 1 (blue), activity-dependent uptake of synaptotagmin (Sytlive) (green), and extracellular GluR1 (red).
(B) Cartoon depicting our working hypothesis: that NBQX treatment leads to an increase in presynaptic vesicle turnover and postsynaptic
GluR1 homomers, adding to and supplementing previously GluR2-dominant receptors at preexisting synapses. (C1 and C2) Scatter plots of
Sytlive versus GluR1 intensity in one representative experiment, for control (C1) and NBQX-pretreated cells (C2). Synapses were divided into
four equal groups on the basis of the intensity of synapsin staining in the control experiments. Groups are represented, in order of increasing
synapsin intensity, as S, M, L, and XL. A black x marks the mean values for this experiment. The plot highlights the increased number of
synapses and higher levels of GluR1 and Sytlive in NBQX-pretreated cells in the XL group.
(D) Summed levels of GluR1 (left) and Sytlive (right) in each group (S to XL; control, solid areas and NBQX, hatched areas) depict the increase
in NBQX-pretreated cells. Both ΣGluR1 and ΣSytlive increased significantly only in the highest synapsin quartile (XL). (E) Number of synapses
in NBQX-pretreated cells relative to control cells (NBQX/control) in groups categorized by the synapsin intensity cutoffs that divide control
synapses into quartiles. With NBQX pretreatment, increased abundance of synapses in the XL group comes at the expense of the S (smallest
synapsin) group. (F) Average coefficient of variation (CV) of mEPSC amplitude (shown in Figure 1) in control and NBQX-pretreated cells with
and without PhTX. Bars depict the average, while individual cells are shown as gray lines. Mean CV increases with NBQX pretreatment and
is unchanged overall by PhTX, although individual cells show changes in both directions (examples shown by dashed lines). Error bars
indicate ±SEM; ** indicates p < 0.005, Student’s t test.
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734The demonstrated participation of L-type Ca2+ chan-
nels fits well with their subcellular distribution in
hippocampal neurons, that is throughout the somato-
dendritic region (Westenbroek et al., 1990) both synap-
tically (in dendritic spines) and extrasynaptically (Ober-
mair et al., 2004), in an ideal position to detect
depolarizations spreading along the dendritic cable.
L-type channels not only contribute strongly to Ca2+
transients triggered by spike depolarizations, but also
help to set resting [Ca2+]i (Magee et al., 1996). Extend-
ing a statement of Turrigiano and colleagues (Leslie et
al., 2001), we suggest that “regulation based on average
membrane potential [and L-type channel opening] has
the added advantage of integrating across spikes,
bursts, and subthreshold activity.” This differs from
the agonist-dependent, localized effects of NMDARs,
which can trigger Hebbian plasticity in a synapse-spe-
cific manner. It will be interesting to see whether the
striking global synaptic response to elevations in [K+]o
(Moulder et al., 2004) also involves alterations in L-type
channel activity.
Synaptic Adaptation to Inactivity Involves
Nonuniform Presynaptic
and Postsynaptic Modifications
The expression of synaptic adaptation to inactivity fea-
tured changes on both sides of the synapse. Surprising
aspects emerged that might have been missed if the
individual features had been studied one by one.
Postsynaptically, our data pointed to increased GluR1
protein levels (Figures 1 and 2) leading, in turn, to syn-
aptic incorporation of GluR1 in a predominantly homo-
meric form (Figures 5 and 6). We found no indication of
altered synapse abundance upon examination of syn-
apse density, dendritic branching, and the fraction of
synapses containing GluR1 (Figure 5). Rather, detailed
analysis revealed overall modifications in the properties
of a large proportion of mEPSCs (Figure 6). All evidence
pointed to preexisting synapses as the target of post-
synaptic increases in homomeric GluR1, leaving few
synapses unaltered.
Presynaptic increases in vesicle turnover were seen
with uptake of antibody against a luminal domain of
synaptotagmin (Figure 7). Synapsin staining increased
(Figure 8), consistent with morphological scaling of pre-
synaptic structures and increased vesicle pool size
(Murthy et al., 2001), but this could not account for the
entire increase in vesicle turnover; normalization by
synapsin revealed an additional change in the release
probability of individual vesicles (Figures 7 and 8).
These findings help to unify disparate and apparently
conflicting observations on how hippocampal cultures
respond to prolonged inactivity. For example, it has
been reported that activity blockade can lead to an in-
crease in mini frequency, but not amplitude (Bacci et
al., 2001), or mini amplitude, but not frequency (Ju et
al., 2004). Both kinds of electrophysiological change
were significant in our system and were further sup-
ported by single-synapse immunocytochemistry, show-
ing unequivocal changes on both sides of the synapse
(Figure 8). Evidently, central neurons possess the capa-
bility to respond to synaptic inactivity with a varied rep-
ertoire of alterations; the prominence of specific effects
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qay depend on the source of the neurons (Turrigiano
nd Nelson, 2000), their developmental maturity, and,
ost importantly perhaps, the specific intervention
sed to decrease activity. In the experiments of Bacci
t al., for example, growing cultures in the presence of
MPAR and NMDAR blockers led to an increase in mini
requency that was explained by acceleration of pre-
ynaptic vesicle turnover, whereas prolonged exposure
o TTX caused none of these effects. Furthermore, impos-
ng spike blockade for several hours decreased dendritic
rotein synthesis while treatment with AP5+CNQX in-
reased dendritic protein synthesis (Sutton et al., 2004).
hese data indicate that the effects of AMPAR block-
de cannot be simply equated with the effects of action
otential blockade.
The most surprising feature of our findings was that
ynaptic modifications went beyond expectations for
imple synaptic scaling. The nonuniform nature of the
ynaptic changes was indicated by the increased coef-
icient of variation of mini amplitude after the AMPAR
ilencing (Figure 8F) and also by the altered response
o philanthotoxin, which minimally affected mini fre-
uency in control cultures but sharply reduced it after
rolonged NBQX pretreatment (Figure 1). Analysis of
yt-Ab uptake revealed that the largest (most synapsin-
ich) group of synapses contributedw50% of the over-
ll vesicle turnover after prolonged AMPAR blockade.
oreover, the same group of synapses displayed a sig-
ificant increase in GluR1, and being larger, offered the
ost favorable case for mini detection. In addition,
ome of the increase in GluR1 took place by replace-
ent of previously heteromeric GluR1/2 receptors, as
udged by the effects of PhTX on unitary mini properties
Figure 6) and the inability of PhTX to return the CV of
ini amplitude back to control values. Thus, the altered
ensitivity of mini frequency to PhTX might be attrib-
ted to block of the postsynaptic sites richest in GluR1
omomers—synapses with the highest incidence of ve-
icular release. This illustrates the extra impact of pre-
ynaptic and postsynaptic modifications when they oc-
ur in a correlated, rather than strictly independent,
ashion. Over time, the relative synaptic weight of indi-
idual synapses (w) will vary with release probability (Pr)
nd quantal size (q) as:
w ∝ Pr × q (1)
Changes in synaptic weight will be more profound
hen changes in Pr and q tend to go hand in hand, as
ound here. Similar principles may hold at fly endplates,
here the largest clusters of GluRs are apposed to re-
ease sites with the highest Pr (Marrus et al., 2004).
unctional Implications for Homeostasis
nd Metaplasticity
ur findings provide fresh perspective on the prevailing
nterpretation of responses to chronic alterations in glu-
amatergic input as purely homeostatic (negative feed-
ack) self-regulation (Murthy et al., 2001; Turrigiano et
l., 1998; O’Brien et al., 1998b). This may be the case
n cortical and spinal cultures, where prolonged action
otential blockade causes a multiplicative scaling of
ini amplitude distribution without change in fre-
uency. The apparently homogeneous scaling of syn-
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735aptic weights has been interpreted as a form of “gain
control” that leaves the relative weights of synapses
unchanged, possibly preserving a pattern important for
cellular memory. However, hippocampal neurons sub-
jected to block of synaptic activity do not conform to
this hypothesis. Switching over from GluR2- to GluR1-
dominated receptors will introduce a voltage-depen-
dent polyamine block (Donevan and Rogawski, 1995;
Washburn et al., 1997) and provide an additional source
of ligand-gated Ca2+ signaling, an alternative to con-
ventional signaling via NMDA receptors. These proper-
ties represent qualitative changes in neurotransmission
that will alter the rules of plasticity (Lei and McBain,
2002). The upregulation of GluR1 homomeric receptors,
therefore, carries implications that go beyond synaptic
homeostasis and extend to a change in the rules gov-
erning plasticity, now termed “metaplasticity” (Abra-
ham and Bear, 1996; Deisseroth et al., 1995; Slutsky et
al., 2004).
The effects of prolonged inactivity bear interesting
similarities and differences in comparison with those of
LTP, with regard to the locus of induction (postsynaptic)
and the nature of expression (both presynaptic and
postsynaptic). In hippocampal cultures, LTP also re-
sults in an enlargement of presynapses (Matsuzaki et
al., 2004) and an increase in presynaptic vesicular turn-
over (Malgaroli et al., 1995; Ryan et al., 1996; Antonova
et al., 2001). However, crucial differences have emerged
in the nature of AMPAR incorporation. In contrast to the
findings reported here, LTP is predominantly charac-
terized by an increase in GluR1/2 heteromers (Malinow
and Malenka, 2002) and a frank increase in the total
number of GluR1-containing synapses (Antonova et
al., 2001).
Possible Significance for Pathophysiology
and Clinical Treatment
It is noteworthy that homomeric GluR1 receptor clus-
ters are a mark of newly formed synapses, normally ap-
pearing early in development and giving way to GluR2-
dominated complexes as the synapse matures (Kumar
et al., 2002; Pickard et al., 2000). Thus, prolonged dis-
use may cause synapses to revert to a more “plastic”
form, reminiscent of an earlier stage in development,
possibly suited for rewiring of neural circuits.
Interestingly, clinical situations are also associated
with increases in GluR1-mediated transmission, either
by an increase in GluR1 or a loss of GluR2, most clearly
in hippocampal epilepsy (Eid et al., 2002, Ying et al.,
1998), but also in other pathological conditions such as
ALS (Heath and Shaw, 2002) or drug abuse (Carlezon
and Nestler, 2002). An excessive increase in GluR1 ho-
momer-mediated transmission has been linked to exci-
totoxicity and neurodegeneration (Pellegrini-Giampie-
tro et al., 1997). In this context, our results suggest that
the chronic use of AMPAR antagonists in treatment
might be counterproductive in some circumstances. A
large increase in GluR1-mediated transmission, arising
from coupled increases in postsynaptic GluR1 and pre-
synaptic vesicle turnover, would exacerbate the effect
of any downward fluctuation in antagonist concentra-
tion or loss of antagonist potency. Overall, this calls for
further study of the role of AMPARs in both the patho-physiology and treatment of various neurological and
psychiatric disorders.
Experimental Procedures
Cell Culture and Pharmacology
Pyramidal CA3-CA1 hippocampal neurons were cultured as de-
scribed previously (Deisseroth et al., 1996). Pharmacological treat-
ments were carried out at 15 or 16 DIV, unless otherwise specified,
using 50 M D-AP5, 10 M NBQX (in 0.1% DMSO), and/or 10 M
nifedipine (in 0.1% DMSO) (Sigma and/or Tocris). Comparisons
were between treated and untreated cells from the same cultures.
Cell density and gross morphology were assessed in two cultures
following 24 hr nifedipine treatment using a combination of MAP2
(Ab from Chemicon) and DAPI staining. Analysis by a blinded ex-
aminer revealed no significant effects of nifedipine on cell density
(10 ± 4 and 9 ± 2 cells/mm2 for control and nifedipine groups, re-
spectively, p > 0.7, Student’s t test) or on gross morphological ap-
pearance (p > 0.5, χ2 test).
Western Blots and Immunocytochemistry
Protein for Western blots was extracted 24 hr after treatment and
measured using a BCA protein determination kit (Pierce). Equal
amounts of proteins were run on a SDS-PAGE gel, verified by Pon-
ceau and/or Coomassie stains, transferred to a PVDF membrane,
and probed with GluR1 and GluR2 antibodies (Calbiochem). Densi-
tometric analysis of Western blots was carried out with NIH Image
software. Comparisons were made by paired Student’s t test. For
immunostaining, cultures were fixed and blocked as previously de-
scribed (Thiagarajan et al., 2002). Primary and secondary antibody
incubations were performed before permeabilization for anti-GluR1
(N-terminal antibody, 1:10 dilution; Oncogene Research Products)
and after permeabilization in 0.1% Triton X-100 for anti-synapsin 1
(1:500 dilution; Chemicon) and anti-synaptotagmin (1:30; kind gift
from Prof. A. Malgaroli, Universita Vita-Salute San Raffele, Milan,
Italy). For synaptotagmin-Ab live uptake experiments, the antibody
was added to the cultures for 4 hr at 37°C in the presence of 10
M bicuculline and 1 M TTX before being fixed and stained for
GluR1 and synapsin as described above. Secondary antibodies
were conjugated to Alexa Fluor 488 (synaptotagmin), Alexa Fluor
568 (GluR1), and Alexa Fluor 647 (synapsin) (Molecular Probes).
Images were acquired using a Zeiss LSM 510 Confocal Laser Scan-
ning Microscope, and analysis was done blind, using Image J soft-
ware. Synapsin 1-positive areas were selected as the regions of
interest, and the total intensity of synapsin, GluR1, and synaptotag-
min staining was measured in these areas and normalized by the
average intensity of its staining in the control cells from the same
experiment. Synapses were counted along dendritic lengths of 500
m per cell; only sections in which individual synapses could be
distinguished were included.
Transfection and Scholl Analysis
At 4 DIV cells were transfected with eGFP by calcium phosphate
as previously described (Thiagarajan et al., 2002) and fixed and
imaged after treatment at 16 DIV. After reconstruction of the
images, concentric circles were overlaid at 20, 40, 60, 100, 120,
140, 160, 180, and 200 m from the soma. Every dendritic branch
that crossed a circle was counted.
Electrophysiology
Whole-cell patch-clamp recordings were made in the presence of
1 M TTX and 10 M bicuculline and analyzed as previously de-
scribed (Thiagarajan et al., 2002). Acute perfusion of 10 M philan-
thotoxin (Research Biotechnologies) was carried out for at least 6
min after R3 min of baseline recording. Within each experiment,
comparisons were made between groups of cells with reliable de-
tection thresholds of 7 pA and with series resistance within a range
of 5 M.
Supplemental Data
Supplemental Data include one figure and can be found with this
article online at http://www.neuron.org/cgi/content/full/47/5/725/
DC1/.
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